Purpose: The purpose of this meta-analysis was to determine the strength of the association between gynecologic surgeries, tubal ligation and hysterectomy, and ovarian cancer.
Introduction
Ovarian cancer is the fifth leading cause of cancer death in US women [1] , yet primary prevention recommendations are limited. Gynecological surgeries including tubal ligation and hysterectomy may alter ovarian cancer risk by protecting the ovary from ascending carcinogens or damaging the utero-ovarian artery altering hormonal function. In addition, tubal ligation may increase immunity against the surface glycoprotein human mucin 1 (MUC1) [2] [3] [4] . While tubal ligation and hysterectomy generally have been found to be inversely associated with ovarian cancer, effect estimates vary between studies and little is known about potential effect modifiers of these associations. Therefore, we conducted a meta-analysis of the association between ovarian cancer and tubal ligation as well as hysterectomy.
Materials and methods
Through searches in the PubMed, Web of Science, and Embase databases, we sought to identify all Englishlanguage articles with quantitative data on the association between tubal ligation or hysterectomy and the risk of ovarian cancer. Database searches encompassed articles dated 1969 through March 2011. We identified articles using the keywords "ovarian cancer" and "tubal ligation" or "tubal sterilization" as well as "ovarian cancer" and "hysterectomy." In addition, we reviewed the references of selected articles to identify studies missed through our search. We also completed a reverse citation query to include pertinent articles, which referenced those already identified, using the Cited Reference Search application available through the Web of Science. All articles selected for inclusion in our analyses were verified by a second reviewer.
We abstracted relative risks (RRs) and 95% CIs or p-values from selected articles. We used estimates adjusted for multiple confounders when available and calculated standard errors from the 95% CIs or p-values. We decided apriori to use a random-effects model to calculate the summary RR estimates and 95% CIs [5] . Q tests for heterogeneity were used to evaluate the consistency of findings among studies and Begg's and Egger's tests were used to assess publication bias [6, 7] . We conducted meta-regression analyses to assess whether effect estimates differed by study design (i.e., case-control versus cohort versus other design) and by population studied (i.e., general population versus BRCA mutation carriers) [8] . In secondary analyses, we conducted meta-regression analyses in subsets of the studies to assess whether the effect estimates differed by age at procedure, years since procedure, and, for the tubal ligation analysis, by histological subtype (i.e., serous, mucinous, endometrioid, clear cell, other). All analyses were conducted using the Stata/SE 10.0 for Windows.
Results

Database search
We identified 30 studies that provided estimates of the risk of ovarian cancer in relation to tubal ligation as well as the p-value or 95% confidence interval (CI) to include in the meta-analysis ( Figure 1) . One of the studies examined the risk of ovarian cancer death [28] and three studies were conducted in BRCA carriers [13, 18, 20] . Therefore, we conducted sensitivity analyses examining the influence of these studies, which are detailed below. For the examination of hysterectomy and ovarian cancer, we identified 24 studies to include in the meta-analysis ( Figure 1 ) [9, 10, 12, 13, 15, 16, [23] [24] [25] [26] 29, 31, 32, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Nine of the studies reported effect estimates for simple hysterectomy, [23, 25, 29, 32, 38, 42, 43, 45] seven provided estimates for hysterectomy with unilateral oophorectomy, [23, 29, 32, 38, 42, 45 ] and 15 did not distinguish whether or not women with hysterectomy underwent a unilateral oophorectomy [9, 10, 12, 13, 15, 16, 24, 26, 31, [39] [40] [41] 44, 46, 47] . Two of the studies included in the primary meta-analysis for both tubal ligation and hysterectomy were pooled analyses [9, 31] , one was comprised of eight studies [31] and another was comprised of four studies [9] . For these studies, we included the pooled estimates in our meta-analysis as we were unable to obtain the study-specific effect estimates for all studies through our literature search. One of the studies identified in our tubal ligation and hysterectomy literature searches was a study in the New England case-control study (NECC) [Cramer] . However, in this study the reference category for the odds ratios for tubal ligation and hysterectomy was comprised of women who did not have any pelvic surgeries, including cesarean sections. In order for the effect estimates from the NECC to be comparable to other studies, we requested and obtained from NECC researchers the odds ratio for ovarian cancer comparing women who had a tubal ligation to those who did not have the procedure as well as the odds ratio comparing women with hysterectomy to those who did not have a hysterectomy. We also obtained odds ratios for the secondary analyses described below.
In secondary analyses, we identified studies that reported the relative risk of ovarian cancer by characteristics of surgery, such as age at or years since procedure, as well as by histological subtype of ovarian cancer. We identified eight studies that reported stratum-specific estimates of ovarian cancer risk by years since tubal ligation (Additional file 1: Table S1 ) [14, 19, 25, 26, 28, 29, 48] and nine studies that reported stratum-specific estimates for age at tubal ligation (Additional file 1: Table S2 ) [13, 14, 19, 25, [27] [28] [29] 48 ]. In addition, 13 studies specified effect estimates for invasive ovarian cancer [10, 12, 15, [17] [18] [19] [20] [21] [22] [23] 31, 33] and 11 studies on tubal ligation reported estimates for at least one histological subtype of ovarian cancer (Additional file 1: Table S3 ) [9, 10, 15, 16, 19, 22, 24, 26, 29, 49] . Eight studies on hysterectomy reported stratum-specific estimates of ovarian cancer risk by years since the procedure (Additional file 1: Table  S4 ) [25, 26, 29, 31, 43, 45, 46] and five studies reported stratum-specific estimates for age at hysterectomy (Additional file 1: Table S5 ) [25, 29, 31, 43] . In addition, nine studies reported effect estimates for invasive ovarian cancer [ [10, 12, 15, 23, 31, [40] [41] [42] , Cramer].
Separate analyses were performed examining risk of ovarian cancer and characteristics of surgery, including years since and age at procedure. For six of the eight studies reporting stratum-specific estimates for years since tubal ligation, we were able to derive estimates for less than 10 years since tubal ligation and 10 or more years since tubal ligation [19, 25, 26, 29, 48] . For seven of the nine studies that reported risks by age at tubal ligation, we were able to derive estimates for age less than 35 at tubal ligation and 35 years of age or older [13, 19, [27] [28] [29] 48] . For seven of the eight studies reporting stratum-specific estimates for years since hysterectomy, we were able to derive estimates for less than 10 years since hysterectomy and 10 or more years since hysterectomy [22, 25, 26, 31, 43, 45] . For the five studies that reported risks by age at hysterectomy, we were able to derive estimates for age less than 40 or 45 at hysterectomy and 40 or 45 years of age or older [25, 29, 31, 43] [NECC].
Tubal ligation
The estimated RRs for ovarian cancer associated with tubal ligation versus no tubal ligation ranged from 0.2 to 2.4 (Table 1) . Twenty-seven of the 30 studies reported lower risks of ovarian cancer in women who had a tubal ligation compared to those who had not had the procedure. The three studies that observed an elevated risk of ovarian cancer did not achieve statistical significance [14, 16, 35] . The summary RR was 0.70 (95%CI: 0.64, 0.75), demonstrating a statistically significant inverse association between tubal ligation and ovarian cancer ( Figure 2 ). Some studies in our analysis did not specify whether borderline cases were included in the analyses. However, when we restricted our analysis to 13 studies that reported the association for invasive ovarian cancer, specifically the summary RR was very similar (summary RR = 0.72; 95%CI: 0.66, 0.72). Since there was evidence of heterogeneity among the 30 studies (P = 0.02), we examined the contribution of study characteristics to the heterogeneity. We did not observe statistically significant evidence of heterogeneity by study design (i.e., cohort study, case-control study, or other) or residence of study participants (i.e., USA or non-USA) (P > 0.05) ( Table 2) . Interestingly, the relative risk among BRCA carriers (RR = 0.64, 95%CI: 0.43-0.96) was similar to the relative risk among population-based studies (RR = 0.70, 95%CI: 0.64-0.76) ( Table 2) . Overall, we found that if any single study was removed from the meta-analysis, the effect estimate did not change substantially (data not shown). In addition, we found no evidence of publication bias using either the Begg (P = 0.12) or the Egger (P = 0.22) method for assessing bias. Eight of the studies examined years since tubal ligation. In a meta-regression of six of these studies, we did not observe a difference in the relative risk of ovarian cancer between women who had a tubal ligation less than 10 years ago (summary RR = 0.69, 95%CI: 0.59, 0.79) and those women who had a tubal ligation 10 or more years ago (summary RR = 0.68, 95%CI: 0.54, 0.87) (P-heterogeneity = 0.78) ( Table 2) . Of the other studies, a prospective cohort study of ovarian cancer mortality reported tubal ligation to be associated with a reduced risk for women who had the procedure within 20 years, with a smaller non-significant reduced risk for those who had the procedure 20 or more years ago. [19] However, a prospective cohort study based in China observed a non-significant increase in risk that was similar for both women who had a tubal ligation less than 33 years ago and women who had a tubal ligation 33 or more years ago [14] . Nine studies examined age at tubal ligation on ovarian cancer risk. In a meta-regression of seven of these studies, the relative risk for ovarian cancer was non-significantly lower among women who had a tubal ligation when they were younger than 35 (summary RR = 0.69, 95%CI: 0.59, 0.81) compared to at 35 years of age or older (summary RR = 0.79, 95%CI: 0.68, 0.92), although the difference was not statistically significant (P-for-heterogeneity = 0.22) ( Table 2 ). In addition, the Shanghai Women's Health Study noted a non-significant increase in ovarian cancer risk only among women who were less than 30 when they underwent the procedure and no association among those aged 30 or more at time of surgery [14] . In a historical cohort study, tubal ligation was associated with a reduced risk of ovarian cancer among women aged 25-44 at time of the procedure (RR = 0.54, p < 0.001), but not among women aged 45-64 at the time of their tubal ligation (RR = 1.18, p = 0.68) [25] .
Eleven studies reported effect estimates by at least one histologic subtype. In a meta-analysis regression we observed that the association was stronger for endometrioid tumors compared to serous tumors (P < 0.01). 
Hysterectomy
The study-specific RRs for ovarian cancer associated with hysterectomy (with or without unilateral oophorectomy) ranged from 0.06 to 1.91 (Table 3 ). The summary RR was 0.74 (95%CI: 0.65, 0.84), demonstrating a statistically significant inverse association between hysterectomy and ovarian cancer (Figure 3 ). When we restricted to nine studies that reported effect estimates for invasive ovarian cancer, the association was similar (summary RR = 0.81; 95%CI: 0.68, 0.97). We also calculated summary estimates for simple hysterectomy and hysterectomy with unilateral oophorectomy (Table 4) . We observed that the reduced risk of ovarian cancer associated with hysterectomy with unilateral oophorectomy (RR = 0.60, 95%CI: 0.47-0.78) was similar to the reduced risk associated with simple hysterectomy (RR = 0.62, 95% CI: 0.49-0.79). We examined the contribution of other study characteristics to the heterogeneity between studies, since the p-heterogeneity <0.01. We did not observe evidence for statistically significant heterogeneity by study type (i.e., case-control, cohort, other) or geographic location (i.e., USA vs non-USA) (P > 0.05) ( Table 4) . Overall, if any single study was removed from the meta-analysis, the effect estimate did not change substantially (data not shown). We did note evidence of publication bias using the Egger (P = 0.01) method for assessing bias, but not for the Begg method (P = 0.11).
Eight studies examined years since hysterectomy and ovarian cancer risk. In a meta-regression of seven of these studies, the RR of ovarian cancer between women who had the procedure 10 or more years ago was slightly lower compared to women who had a hysterectomy less than 10 years ago (summary RR = 0.69, 95% CI: 0.60, 0.79 and summary RR = 0.77, 95%CI: 0.66, 0.89 respectively) (P-heterogeneity = 0.33). In addition, a hospital-based case-control study reported an inverse association among women who underwent the procedure more than five years ago (RR = 0.37, 95%CI: 0.11-1.24), but no association among those who had a hysterectomy within five years (RR = 1.04, 95%CI: 0.37-2.90) [29] . Five studies examined age at hysterectomy on ovarian cancer risk, three dichotomized at age 40 and two at age 45. In a meta-regression, hysterectomy was more strongly inversely associated with ovarian cancer among women who were younger than 40 or 45 at surgery compared to 40 or 45 years of age or older, however the p for heterogeneity was not (Table 4) .
Discussion
Observational epidemiologic evidence strongly suggests that there is a decreased risk of ovarian cancer among women who have had a tubal ligation or hysterectomy.
We observed an approximately 26-30% reduction in ovarian cancer risk among women who had a tubal ligation or hysterectomy compared to women who never had a tubal ligation or hysterectomy, respectively. These estimates did not vary substantially by study design or population. We did not observe any significant differences in the effect estimates by years since procedure. For both hysterectomy and tubal ligation, the inverse association between these procedures and ovarian cancer risk was suggestively stronger among women who underwent the procedure at earlier ages. There was evidence that tubal ligation may be associated with a stronger reduced risk for endometrioid tumors compared to serous tumors; however this finding was based on studies with small numbers of cases of each subtype and should be interpreted cautiously. Several mechanisms have been proposed to explain the observed inverse association between tubal ligation and hysterectomy and ovarian cancer risk. One potential explanation is a "screening effect" wherein surgeons are Figure 3 Forest plot for 24 studies of the association between hysterectomy and ovarian cancer risk. Forest plot summarizing individual effect estimates from 24 studies [9, 10, 12, 13, 15, 16, 23, 26, 29, 31, 32, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] contributing to summary effect estimates describing the association between hysterectomy and ovarian cancer risk. Black boxes mark the effect estimate for individual studies and the size of the black boxes represent the weight of individual studies in the summary estimate; horizontal gray lines demonstrate the width of the 95% CIs associated with each individual study; the black diamonds represent summary effect; stars indicate pooled studies. HUO=hysterectomy with unilateral oophorectomy, SH=simple hysterectomy, UH=unknown type of hysterectomy.
able to visualize abnormal changes in the ovaries during tubal sterilizations or hysterectomies and remove premalignant lesions. If the inverse association was solely due to screening of the ovaries, these procedures would be associated with a lower risk for only a few years after the surgery; however this was not supported in our analysis as there was a strong inverse association even more than 10 years after surgery. Another potential mechanism is that tubal ligation and hysterectomy protect the ovary from carcinogens, such as talc, or inflammatory agents such as retrograde menstruation or endometriosis ascending the genital tract. Green et al. reported that ovarian cancer risk was highest among women who used talc and did not have a tubal ligation or hysterectomy and lowest among women who had surgical sterilization, but did not use talc [26] . However, in the Nurses' Health Study (NHS), there was no variation in RR estimates of tubal ligation and ovarian cancer by talc use, and in a large case-control study, the inverse association of tubal ligation and hysterectomy was limited to non-talc users, contrary to the ascending carcinogen hypothesis [43, 50] .
Ovarian cancer risk may be altered by decreased blood supply to the ovary after surgery resulting in a decrease in estrogen production. However, while some studies have observed decreases in hormone levels after tubal ligation or hysterectomy, [51] [52] [53] others have not [54, 55] . This mechanism may only apply to procedures that cause substantial damage to the surrounding tissue. In the NHS, women who had undergone tubal ligation during the time period when the unipolar electrocautery method was commonly used had a reduced risk of breast cancer [56] . However, tubal ligation was not associated with breast cancer risk during other periods when methods that caused less tissue destruction were common. To our knowledge, only one study examined ovarian cancer risk by type of tubal ligation and observed a lower risk irrespective of technique [26] . However this analysis was based on only 20 cases and 58 controls and thus had limited power. Lastly, several cancers, including ovarian cancers, over-express the surface glycoprotein MUC1. It has been hypothesized that women who have undergone events that trigger an immune response to MUC1 have a decreased risk of ovarian cancer [4] . A recent study reported higher anti-MUC1 antibodies were associated with a decreased risk of ovarian cancer among women less than 64 years of age [57] . In the same study, women who had undergone a tubal ligation had higher mean levels of anti-MUC1 antibodies compared to women who had not undergone a tubal ligation; however there were no differences in antibodies levels by hysterectomy status [57] . Further research is needed to determine the associations between surgical procedures, anti-MUC1 antibodies, and subsequent ovarian cancer risk.
Our analysis has several limitations. Not all studies reported whether cases were restricted to invasive ovarian cancer., however when we restricted to studies that reported effect estimates for invasive ovarian cancer the summary RRs were very similar. Few studies reported effect estimates by surgical characteristics or histological subtype of ovarian cancer. In addition, when reported, these stratum-specific estimates were often based on small numbers of exposed cases. To pool effect estimates for analysis of age at and years since tubal ligation, we created very broad categories (e.g., age at tubal ligation <35 years, ≥35 years; hysterectomy <10 years ago, ≥10 years ago), which may obscure important effects. Some of the studies in the meta-analysis included both prevalent as well as incident ovarian cancer cases and the case definition for one study was ovarian cancer mortality. If tubal ligation or hysterectomy were associated with survival after ovarian cancer diagnosis then the inclusion of prevalent cases may bias the effect estimates. However, a recent systematic review did not support an association between tubal ligation or hysterectomy and survival from ovarian cancer [58] .
In summary, we observed a consistent inverse association of tubal ligation and hysterectomy on ovarian cancer risk that may be causal. We did not detect differences by study design, study population, or years since the procedure, although our statistical power in these analyses was somewhat limited. While gynecologic surgery may be a potential prevention strategy for women at high risk of ovarian cancer, additional research is needed to determine whether the effect of tubal ligation and hysterectomy on ovarian cancer risk differs by individual and surgical characteristics as well as considering the potential negative health effects of these procedures. Additional research also is needed to further understand the mechanisms behind these reduced risks.
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